ABSTRACT. The theoretical calculations of the complexes formed by pyrazine (PZ) with hypohalous acids (HOX; X= F, Cl, Br and I) have been carried out at the MP2/6-311++G(2d,2p) computational level. PZ and HOX molecules could have three different types of interactions including hydrogen bond (N•••H) and halogen bonds (N•••X, •••X). The nature of halogen atom has a small effect on the hydrogen bonds, whereas it imposes a great impact on the halogen bond interactions. The strength, properties and nature of interactions were analyzed using natural bond orbital (NBO) and atoms in molecules (AIM) theories.
INTRODUCTION
Noncovalent interactions play an extensive and important role in drug optimization, supramolecular assembly, crystal engineering, reaction selectivity and molecular biology [1] [2] [3] [4] . Undoubtedly, hydrogen bond (HB) is still one of the most important intermolecular interactions and its formation is mainly due to the electrostatic interaction, together with the induction and dispersion interactions [5, 6] .
Recently, a growing amount of experimental and theoretical evidence has demonstrated that halogen bonds (XB) interactions play a key role in a wide variety of chemical systems such as biochemistry and medicinal chemistry [7] [8] [9] . Because they are often involved in protein-ligand interactions that are either biologically detrimental, as in the case of interactions involving organohalogens found in the environment, or beneficial because of their potential usefulness in the design of novel ligands that interact with proteins in a very specific way [10, 11] . Extensive studies have shown that many properties of the halogen bond are analogous to those of the hydrogen bond [12] [13] [14] . For example, concerning strength, halogen bonds are comparable to hydrogen bonds and thus a competition may occur between them, thus in recent years much attention has been paid to it [9, [15] [16] [17] .
Hypohalous acids (HOX, where X is F, Cl, Br, and I) are a very interesting class of compounds because their structure allows them to participate in both HB and XB interactions [18] [19] [20] [21] [22] . Both types of interactions are of importance for the understanding of the above chemical and biological processes. More importantly, they provide a good model to study the competition between HB and XB [19, [23] [24] [25] . In general, the HB complexes are more stable for HOCl and HOBr while the XB isomers are more stable for HOI. These compounds play an important role both in atmospheric chemistry involved in catalytic cycles in the seasonal depletion of the ozone layer in the stratosphere [26] [27] [28] and pathophysiological processes [29] . HOXs are unstable and readily form OX radicals in the atmosphere and they appear as reservoirs and sinks of OX radicals in atmospheric chemistry [28] . Thus, the chemical instability [41] with the 6-311++G(2d,2p) [42] basis set for all atoms, except iodine, for which the def2-TZVPP [43] basis set was used. Harmonic vibrational frequency calculations were used at the same level of theory to identify the local minima structures on the potential energy surfaces and to obtain zero-point vibrational energy (ZPVE). The interaction energy (∆E) was calculated as the difference between the total energy of the complex and the sum of total energies of the monomers. The basis set superposition error (BSSE) was estimated with the counterpoise (CP) method of Boys and Bernardi [44] to correct the interaction energy. The natural bond orbital (NBO) method [45] was used to analyze the interaction of the occupied and empty orbitals via procedures contained within Gaussian 03 [46] . The electron density topological analysis based on the theory of atoms in molecules (AIM) for all the complexes were performed at the MP2/6-311++G(2d,2p) computational level using the AIM2000 program [47] . All calculations were carried out using the Gaussian 03 package [46] .
RESULTS AND DISCUSSION
The results of geometry optimizations (stabilization energies, binding distances, vibrational stretching frequencies and structures) for the PZ and its complexes with HOX (X = F, Cl, Br and I) molecules are given in Tables 1-4 and Figure 1 . Regarding the methods of electron donation from PZ to HOX, two models interactions were considered.
The first is PZ:HOX-A in which PZ could have either hydrogen bond (PZ:HOX-A-HB) or halogen bond (PZ:HOX-A-XB) interactions with HOX molecules, Figure 1 . For the second one (PZ:HOX-B) we could only optimize the XB interactions. In model A, interactions were carried out using N electron lone pairs of PZ, but in the model B -electrons of PZ roles out as electron donor. The binding distance, hydrogen and halogen bond angle of respective complexes, and changes in the O-H and O-X bond lengths are given in Table 2 . The N···H, N···X and ···X distances are in the ranges of 1.752-1.769 Å, 2.519-3.021 Å and 3.100-3.182 Å, respectively. The given values are smaller than the sum of the van der Waals radii of the respective atoms (2.6 Å for H and N atoms, 2.9 Å for F and N atoms, 3.3 Å for Cl and N atoms, 3.5 Å for Br and N atoms, 3.6 Å for I and N atoms, 3.5 for C and Cl atoms, 3.6 for C and Br, 3.8 for C and I).
Interplay between N
The H···F distance almost amounts to the sum of the van der Waals radii of the H and F atoms (2.5 Å for H and F atoms). This confirms the pres A-HB (X = F, Cl, Br, I); and also the X···N (X halogen bond interactions in the PZ:HOX the HOF only the PZ:HOFconvincing measurement for the stability of studied complexes. According to the interaction energies (Table 1) , the stabilities of PZ:HOX Cl, Br) complexes are greater than PZ:HOX PZ:HOI-A-XB is more stable than PZ:HOI PZ:HOX-A-HB complexes were not influenced by X atom, considerably, thus their stabilization energies are close together. The H···N distance in PZ:HOF A-HB (X = Cl, Br and I) complexes. It is in line with its stability and t demonstrated in the HB complexes of hypohalous acids previously [39, 48] . This might be attributed to the nature of O-X bonds, since O O-X bonds are of electron donor the valence shell of oxygen [19, 49] . There is a good linear correlation coefficient between the change of the H•••N distance and interaction energy (SE (Figure 2) .
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Optimized structures of the complexes between PZ-HOX (X = F, Cl, Br and I) at the 311++G(2d,2p) computational level.
According to the interaction energies (Table 1) , the stabilities of PZ:HOX-A-HB (X Cl, Br) complexes are greater than PZ:HOX-A-XB and PZ:HOX-B, but in the case of X = XB is more stable than PZ:HOI-A-HB and PZ:HOI-B. Hydrogen bonding in HB complexes were not influenced by X atom, considerably, thus their stabilization energies are close together. The H···N distance in PZ:HOF-A-HB is longer than other PZ:HOX = Cl, Br and I) complexes. It is in line with its stability and this subject has been demonstrated in the HB complexes of hypohalous acids previously [39, 48] . This might be X bonds, since O-F bond is a covalent, polarized bond, while other X bonds are of electron donor-acceptor-type with the halogen donating electron density to the valence shell of oxygen [19, 49] . There is a good linear correlation coefficient between the •••N distance and interaction energy (SE corr.
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AIM ANALYSIS
The atom in molecules (AIM) theory [47] was applied here to analyze the characteristics of the intermolecular bond critical points (BCP) in the studied complexes. The topological parameters including the electron density (ρ), Laplacian of electron density at BCP (∇ ² ρ BCP ), and the energy density (Hc) at BCP which is the sum of the kinetic electron energy density (G C ) and the potential electron density (V C ), (H C = G C + V C ), derived from the Bader theory also indicate the nature of interaction. The electron density (ρ) had a positive correlation with bond strength, that is, the ρ was bigger (smaller), and the bond strength was stronger (weaker). The ∇ ² ρ BCP reflected the characters of bond, and the negative value of the Laplacian of the electron density at BCP (∇ ² ρ BCP < 0) determined the concentration of the electron charge in the region between the nuclei of the interacting atoms and is typical of covalent bonds-shared interactions. In the case of the ∇ ² ρ BCP > 0, there was a depletion of the electron charge between atoms, indicating that there is an interaction of closed-shell systems like ions, van der Waals interactions, or H-bonds. Therefore, when the ∇ ² ρ BCP < 0, there was no doubt about its covalency (from the AIM theory point of view). When H C < 0, we have an H-bond or van der Waals interaction while H C > 0 returns to bonds with a covalent in character. Also, the -G C /V C ratio specifies the nature of interactions. Hence, the value of -G C /V C can indicate the character of interactions which is covalent or noncovalent in their natures. If such a ratio is greater than one, (-G C /V C > 1), the interaction is noncovalency. If (0.5<-G C /V C < 1), the interaction is partly covalent character in its nature and if it is less than 0.5 (-G C /V C < 0.5), the interaction is covalency. The molecular graphs and values of topological parameters for each intermolecular BCPs of complexes are presented in Table 5 . The 
NBO ANALYSES
To detailed analysis of the charge-transfers, we performed natural bond orbital (NBO) calculations [45] for the minima found on the studied HB and XB complexes ( Table 6 ). The PZ:HOX-A complexes were associated with an orbital interaction between the lone pairs in the electron donor (lp N ) and the antibonding orbitals (* O-H and * O-X ) in the electron acceptor molecule. While in the PZ:HOX-B, complex formations are associated with an orbital interaction between the bond in the electron donor ( C=C ) and the antibonding orbital in the electron acceptor (* O-X ) as well as lp X in HOX as electron donor and * C=C in PZ as electron acceptor. The NBO analysis stresses the role of intermolecular orbital interaction in the complex, particularly charge transfer. The second-order perturbation energy (E 2 ) can be taken as an index to judge the strength of intermolecular interactions. Table 5 shows the main orbital interactions corresponding to each type of interactions which is present in the complexes. Table 6 , with an increase in X atomic number, the charge transfer decreases in the HB, whereas it increases in the XB complexes. 
